Identification of ionotropic receptors required for hygrosensation in Drosophila supports the notion that hygrosensory neurons across insects share common morphological and anatomical features. This further advances the field by uncovering central circuits that respond to both humidity and temperature.
''Then cold, and hot, and moist, and dry, in order to their stations leap'' (John Dryden, A song for St. Caecilia's day)
From the suffocating humidity of summer days after a monsoon to the cracked, brittle feeling in our skin and nasal passages during dry winters, humidity colors our experience of the seasons and changing weather. Despite our vivid awareness of humidity, especially in its extremes, no dedicated hygroreceptors are known to exist in the human skin. In insects, however, antennal neurons responding to air humidity have been found in numerous species such as stick insects, honeybees and cockroaches [1] [2] [3] . Detecting humidity can be a matter of life or death for insects as their smaller body volumes leave them vulnerable to rapid desiccation. What are the molecules responsible for detecting changes in humidity, and how is humidity encoded in the brain? In this issue of Current Biology, Enjin and colleagues [4] report ionotropic receptors that are required for the detection of dry air and the humidity preference behavior in Drosophila melanogaster. The identification of these receptors brings Drosophila in line with other insects in which hygroreception has been studied for decades, and offers a new set of tools for probing how humidity is encoded in the brain.
Early psychophysical experiments investigating the perception of wetness on the skin tested blindfolded human subjects whose fingers were placed in contact with a thin rubber sheath separating their skin from a volume of cold or warm water [5] . Despite having no actual contact with water, participants described a strong perception of wetness, more so when the water was cold than when it was warm. These observations led Bentley [5] to postulate that skin wetness perception relied upon a blend of mechanosensory (light pressure touch) and thermosensory (coldness) inputs -an idea that still holds water more than a century later [6] . Remarkably, comparative studies of hygrosensation in invertebrates suggest a similar integration of temperature and mechanosensory information. Genetic studies of a learned humidity preference in the nematode C. elegans demonstrated that both mechanosensory and thermosensory receptors are required for this behavior [7] . In addition, studies of different insect species, including cockroaches, walking sticks, honeybees, locusts and moths, revealed that hygrosensory neurons share common features [2] . First, receptor neurons for moisture, dryness and cold temperature are housed together in the same sensillum in an arrangement referred to as a 'triad'. Second, hygrosensory sensilla are relatively sparse in number and are poreless, unlike olfactory sensilla whose pores permit airborne chemicals to access olfactory dendrites. Finally, hygrosensory sensilla are often sheltered in grooves or small pits within the insect antenna. This special anatomical organization might insulate these receptors from outside mechanical perturbation. Indeed, mechanical deformation of these sensilla has been shown to activate hygrosensory neurons in the cockroach [3] .
What are the molecular hygroreceptors? Inspired by the association between hygrosensation and touch stimuli, Liu et al. [8] screened for molecules influencing humidity choice from gene families whose members had been previously implicated in mechanosensation. By screening mutant flies given a choice between 0% and 100% humidity in a T-maze, they identified two TRP channel mutants, waterwitch and nanchung, that showed abnormal preferences for 100% humidity and had lost antennal responses to moist and dry air, respectively. Neurons expressing the two TRP channels were found to project to a region of the Drosophila brain that processes mechanosensory information. Puzzlingly, these TRP channels were localized to neurons housed in separate sensilla and therefore unlikely to be in a triad arrangement. Nor were these hygrosensory neurons found in protected regions of the antennae like many other species. Was Drosophila the exception in hygrosensory structures among insect species or was part of the picture missing? The new work by Enjin et al. [4] may clarify this issue in their description of a class of hygrosensory neurons that more closely resemble the morphological features described in other insect species.
Applying the sensibility of a behavioral ecologist to the problem, Enjin and colleagues [4] demonstrate that innate humidity preferences in Drosophila are more nuanced than Liu's earlier experiments suggest and likely reflect the habitat of the species. When presented with a choice between 70% and 85% relative humidity or between 70% and 20%, Drosophila melanogaster prefers the more moderate humidity (70%). Thus, a Goldilocks principlehumidity must be neither too wet nor too dry -seems to best describe the fly's humidity preferences, not unlike those of humans. Interestingly, they also show flies from arid climates indeed prefer low humidity (20%) while flies from tropical climates prefer high humidity (85%). At the level of neural coding, this suggests a fairly complex and precise mechanism that does not just detect the presence or absence of water in the air, but the right amount of humidity and one that differs in its set point depending on the species and its native climate. Interestingly, waterwitch and nanchung mutant flies showed modest, but not total, loss of humidity preference in this new behavioral assay, leading Enjin et al. [4] to postulate that waterwitch and nanchung may not be expressed in the principle hygrosensory neurons of the Drosophila antennae.
Given that surgical removal of Drosophila antennae results in the loss of humidity preferences [8, 9] , the authors' approach to identifying the hygrosensors focused on screening receptor genes expressed in the antennae. Most known sensory receptor genes expressed in the antenna require one of three co-receptors for their function: Orco, Ir25a or Ir8a [10, 11] . By screening for defects in innate humidity preference, the list of candidates was narrowed down to Ir25a. They then screened receptors associated with Ir25a and discovered that loss of function of either Ir93a or Ir40a led to severe defects in both humiditypreference behavior and calcium responses to dry air. Lending credence to a long-standing prediction that the sacculus, an invaginated region of the Drosophila antenna, is likely to contain hygrosensory neurons [12] , these putative hygroreceptors were found to be expressed in neurons housed in the poreless sensilla of the sacculus (Figure 1) [4, 13] .
The axons from Ir93a and Ir40a expressing neurons were traced and found to project to two glomeruli of the antennal lobe called the 'arm' and 'column' (Figure 1) [4, 13] . While no hygrosensory responses were detected in the column, the arm was excited by dry air and inhibited by moist air. Suspecting that Ir93a and Ir40a might be part of a Drosophila hygrosensory triad, Enjin et al. [4] tested the arm and column for temperature responses and found both glomeruli responded to cold stimuli. The arm responded modestly to only large cooling steps, whereas the column was excited by cold stimuli and inhibited by hot stimuli much like the cold glomerulus VP3, albeit less robustly. Hygrosensory and thermosensory responses could be genetically dissected as knockdown of Ir40a reduced the response to dry air in the arm without affecting the cold response.
A straightforward interpretation of these collective findings would argue that the arm and column are likely to represent at least two distinct populations of sensory neurons residing in the sacculus -one that exclusively responds to cold temperature and innervates the column and another that responds to dry air and innervates the arm. What about the thermal responses in the arm? These responses may arise from a thermoreceptor co-expressed with a hygroreceptor in the same neuron or from non-synaptic interactions like ephaptic excitation [14] from the adjacent cold receptor neuron. Identification and mapping of the cold thermoreceptors expressed in the sacculus will be a critical step towards clarifying the sources of the thermal responses detected in the arm and column.
Interestingly, silencing hygrosensitive and thermosensitive neurons projecting to the arm and column affects humidity but not temperature preference behavior. If the cold responses in these neurons do not directly affect temperature preference, what function might they serve? As studies in humans, nematodes and insects suggest, there may be a strong contribution from thermosensation to the humidity sense [2, 6, 7] . Much like the human subjects in Bentley's early psychophysical experiments, insects may sense humidity differently in the presence of a temperature shift. Temperature information might be used to modulate humidity responses such that the perception of humidity is that of relative but not absolute humidity.
Future work will be needed to flesh out the rest of the components of the hygrosensory sensilla in the sacculus. Enjin et al. [4] have discovered the dry receptor neuron and provided evidence for the existence of a cold receptor neuron in the same sensilla. Indeed, ultrastructural analysis of the Drosophila sacculus has described three sensory neurons residing in a poreless sensillum [12] . Given that similar sensilla in many insect species house one moist, one dry, and one cold receptor neuron, it is very likely a third unidentified neuron is responsive to moist air. Identification of the predicted moist receptor neuron will be needed to finish sketching out a molecular picture of the hygrosensory organ in Drosophila. The current data strongly suggest that Drosophila follows classic examples of hygrosensory organs found among other insects and gives The sacculus resides in an invaginated region of the Drosophila antenna similar to other insect species. Some sensilla in the sacculus, unlike olfactory sensilla, have no pores and typically contain three neurons. Enjin et al. [4] have identified two of the three neurons, with one exclusively responding to cold temperature and projecting to the Column glomerulus in the antennal lobe. The other neuron responds to dry air and projects its axon to the Arm glomerulus. Ir40a is required for neuronal responses to dry air but not cold temperature. The moisture-sensitive neuron has yet to be identified.
researchers a molecular foothold into mechanisms underlying the activation of the hygroreceptor as well as the encoding of humidity in the brain. Additional work will be necessary to determine whether hygrosensory neurons outside the sacculus [8, 15] , like the ones expressing waterwitch or nanchung, represent a parallel class of hygrosensory neurons that supplement saccular responses. Molecular identification of all three receptors in the hygrosensory triad will permit the exploration of biophysical principles underlying activation of the hygroreceptor. This will also generate tools to explore other compelling questions such as how humidity and temperature information interact in the brain and how the relevant neural circuits determine humidity set-points in different Drosophila species.
Monocercomonoides is the first example of a eukaryote lacking even the most reduced form of a mitochondrion-related organelle. This has important implications for cellular processes and our understanding of reductive mitochondrial evolution across the eukaryotic tree of life.
The origin of mitochondria by the endosymbiotic integration of an a-proteobacterium is one of the defining events in eukaryote evolution. Although the details of this endosymbiosis are still unclear [1, 2] , more than two decades of molecular evolution and cell biology research have demonstrated that the origin of mitochondria predated the divergence of all known eukaryotes. This means that all extant eukaryotes, or at least their ancestral lineages, are predicted to harbor mitochondria in one way or another. And indeed, all species studied to date have been found with either canonical aerobic mitochondria, or less conventional but evolutionarily linked mitochondrionrelated organelles (MROs) in anaerobic and microaerophilic lineages (Figure 1) . MROs are loosely defined as degenerated mitochondria exhibiting various degrees of reduction. They represent a continuum from anaerobic mitochondria (generate ATP using alternative electron acceptors), to more reduced hydrogenosomes (generate ATP via substrate-level phosphorylation, lack an electron transport chain, produce hydrogen), to highly reduced mitosomes (no role in ATP production, lack an electron transport chain, involved in iron-sulfur cluster assembly) [3, 4] . So all extant
